[1] The final Stage (Phase-2) of the Hawaii Scientific Drilling Project (HSDP) recovered 408 m of basaltic core (3098-3506 mbsl) attributed to Mauna Kea volcano. We determined the major and trace element composition of 40 samples from this core. Our results show that the incompatible element ratios, such as Zr/Nb, which are correlated with Pb isotopic ratios, are more variable in the lower 408 m of Mauna Kea shield lavas than in the overlying 2855 m ($450 ka). We argue that this geochemical diversity was present in the mantle source of Mauna Kea shield lavas and does not require the inter-fingering of lavas from adjacent volcanoes. Because of uncertainties in Ni partitioning between olivine and melt and the wide range of Ni contents in peridotites, we show that all Mauna Kea lavas may have been derived from a peridotite source. We also obtained major and trace element compositions for 24 whole-rock clasts and hyaloclastites and 7 glasses from HSDP Phase-1 core between 1767 and 1808 mbs. These enigmatic lavas, previously recognized by the distinctive high CaO and K 2 O contents of their glasses, are also relatively enriched in highly incompatible trace elements. We show that this group of lavas have affinities with post-shield lavas and argue that they are a consequence of lower degrees of melting ($a factor of two) than other Mauna Kea shield lavas, thereby providing evidence that magma supply varied significantly during the growth of the Mauna Kea shield.
Introduction
[2] A major impediment to understanding the magmatic history of Hawaiian volcanoes and the structure of the Hawaiian mantle plume is the lack of thick stratigraphic sections that sample most of the 800 to 1500 ka of volcano growth [e.g., Moore and Clague, 1992; Lipman, 1995; Garcia et al., 1995] . Subaerial sections of Hawaiian volcanoes reveal only a small fraction (5-10%) of this history and are biased toward the late stages of volcano growth. The Hawaii Scientific Drilling Project (HSDP) made a significant advance toward addressing this problem by drilling and coring a 1 km pilot hole, HSDP-1 , followed by a 3.1 km hole (HSDP-2) Stolper et al., 2009] , on the eastern flank of Mauna Kea volcano. This international, multidisciplinary study documented $450 ka ($209-647 ka) of Mauna Kea's magmatic history [Sharp and Renne, 2005] , which began with a vigorous submarine shield-building stage, and ended with a marked decline in magma production as the volcano reached its post-shield stage [see Stolper et al., 2009, Figure 6] . [3] Major results of the HSDP include information on the internal structure of a large oceanic volcano , varying magma compositions erupted during the shield building stage [e.g., Huang and Frey, 2003; Rhodes and Vollinger, 2004; Stolper et al., 2004] , and the isotopic diversity of the lavas [e.g., Blichert-Toft et al., 2003; Eisele et al., 2003; Kurz et al., 2004; Bryce and DePaolo, 2005; . The geochemical heterogeneity of the lavas requires either heterogeneity in their source, or perhaps the HSDP core contains lavas erupted from several volcanoes [e.g., Holcomb et al., 2000; . These HSDP results have significantly contributed to recent discussions of the nature and structure of mantle plumes [e.g., Abouchami et al., 2005; Bryce and DePaolo, 2005; Hofmann, 2009, 2010; Huang et al., 2011; Weis et al., 2011] and the relative roles of peridotite and pyroxenite as sources of plume-related magmas [e.g., Sobolev et al., 2005; Herzberg, 2006 Herzberg, , 2011 Putirka et al., 2011] .
[4] Phase-1 of HSDP-2 (we use the terminology of Stolper et al. [2009, see Figure 3] ) recovered 3100 m of core, documenting about 450 ka of Mauna Kea's eruptive history between 209 and 647 ka [Sharp and Renne, 2005; Stolper et al., 2009] . Here, we report on the composition and geochemical stratigraphy of an additional 408 m of core (3098-3506 mbsl) recovered during Phase-2 (2003 Phase-2 ( -2007 of the HSDP-2 project [Stolper et al., 2009] . Assuming an eruption rate of 9 m/ka [see Stolper et al., 2009, Figure 6 ], this 408 m of core extends the eruptive history of Mauna Kea by an additional 48 ka from 647 to 695 ka. The forty analyzed Phase-2 samples are from 33 of the 45 identified flow and intrusive units and consist mostly of submarine pillow lavas, with lesser amounts of hyaloclastites, pillow breccias, and massive volcanic and intrusive units ( Figure 1a ). [5] We also sampled and determined whole-rock major and trace element abundances for 24 clasts and hyaloclastites from HSDP-2 Phase-1 flow units 248, 254, 255 and 256 higher in the core between 1767 and 1808 m (Figure 1b ). These lavas, recognized previously by the distinctive major element compositions of glasses, were designated CaO-K 2 Orich glasses because of their high CaO and K 2 O content relative to other Mauna Kea glasses [Stolper et al., 2004] . Additionally, we determined trace element abundances in 7 of these high CaO-K 2 O glasses previously analyzed for major elements by Stolper et al. [2004] . In a provocative paper, Herzberg [2006] suggested that these CaO-K 2 O rich shield lavas may be the only Mauna Kea shield magmas derived from a peridotitic source and that all other shield lavas result from melting of pyroxenite sources. [6] In this paper we use published and newly obtained geochemical data to show that the compositional diversity of lavas from the deepest part of the core (3098-3506 mbsl) exceeds that of younger lavas at higher stratigraphic levels. We also assess: (1) the roles of peridotite and pyroxenite in the source of Mauna Kea magmas; (2) the possibility that the HSDP core includes Mauna Kea shield lavas intermingled with lavas derived from other shields; and (3) the origin of the enigmatic CaO-K 2 O-rich lavas erupted in the depth interval of 1767 to 1808 m. [7] Tables 1a and 1b report the whole-rock major and trace element compositions of 40 Phase-2 lavas. Twenty eight of these are pillow lavas, or pillow breccia, 10 are massive units, including both volcanic and intrusive, and 2 are hyaloclastites. The sampling density for the Phase-2 lavas is around 9 m/sample, roughly twice the 19 m/sample of Phase-1 lavas by Rhodes and Vollinger [2004] , and three times ($26 m/sample) that of the Phase-1 reference samples distributed to different laboratories. Tables 2a and 2b contain whole-rock major and trace element compositions of 24 High CaO lavas from Phase-1 of the core, between 1767 and 1808 mbsl. The sampling density is about 1.7 m/sample. Nine of these samples are hyaloclastites and 15 are clasts from within this hyaloclastite sequence.
Analytical Methods

X-Ray Fluorescence Analysis of Whole-Rocks
[8] The sample crushing and washing protocols were identical to those described by Rhodes [1996] , and the X-ray fluorescence (XRF) analytical methods for major and trace elements are described by Rhodes and Vollinger [2004] . Estimates of the precision and accuracy of these data are given by Rhodes [1996] and Rhodes and Vollinger [2004] . In addition to the customary major and trace elements 
Ce ( determined by XRF, we also measured loss on ignition (LOI) on these samples [Rhodes and Vollinger, 2004] as an indicator of post-magmatic alteration. LOI is a loss in weight after ignition at 1040 C, reflecting a loss of volatiles which are mostly water and CO 2 , but also S gases. However, LOI may also record a gain in weight. This is because FeO in minerals and glass are partially oxidized to ferric iron. Therefore with fresh basaltic lavas a LOI measurement can result in a weight gain (or negative LOI).
Solution ICP-MS Analyses of Whole-Rocks
[9] Trace element abundances of the 22 samples from Units 2 to 20 were analyzed using solution ICP-MS at MIT following the method described in the Appendix of Huang and Frey [2003] , and the 18 samples from Units 22 to 45 were analyzed using solution ICP-MS at Harvard University using the following procedures (Table 3) . [10] About 0.05 g of rock powder was dissolved using 1:1 mixture of HF and HNO 3 acids. After complete dissolution, aliquots of solutions were diluted by a factor of 5000 with 1.5% HNO 3 , and then analyzed for trace element abundances by traditional solution-ICP-MS technique using a GV Quadrupole ICP-MS at Harvard University. The monitored isotopes are in Table A1a of Huang and Frey [2003] . USGS standard samples, AGV-1, BCR-1 and BHVO-1, whose trace element abundances are in Table A2 of Huang and Frey [2003] , were used to construct the standard calibration curve. Each analytical sequence contains three standard sample solutions (BHVO-1, BCR-1 and AGV-1), one procedure blank, four unknown sample solutions, and one BHVO-2 solution analyzed as an unknown sample. In order to monitor the sensitivity drift, beginning with the first solution in the analytical sequence, BHVO-1 solution was analyzed every fifth solution. Each analytical sequence takes about one hour. The sensitivity drifts for all analyzed isotopes are less than 20%, and most are less than 10%. Therefore, no internal drift monitor was used at Harvard. Analytical precision was estimated using multiple measurements (9) of BHVO-2 solution analyzed as an unknown sample during the analyses, and it is better than 5% for all measured trace elements.
LA-ICP-MS Analyses of Glasses
[11] Polished chips of HSDP High Ca-K glasses analyzed for major elements by Stolper et al. [2004] , were analyzed for trace elements (Table 4) using LA-ICP-MS at Florida State University (FSU). The LA-ICP-MS analysis was conducted using a Finnigan® Element 1 ICP-MS coupled with a New Wave® UP 213 Nd-YAG 213 nm laser system at the National High Magnetic Field Laboratory, FSU. The laser ablation system was used in spot mode with a repetition rate of 10 Hz. The energy output of the laser during the course of analysis was $1.1 mJ. Trace elements were determined at low resolution (R = 400) using a 100 micron spot size. Each spot was ablated for 75 s. Measured intensity ratios with respect to 43 Ca were converted to elemental ratios with respect to CaO using BHVO-2g glass standard for calibration. Trace element abundances of BHVO-2 analyzed using solution ICP-MS [Huang and Frey, 2003, Table A3 ] were used for BHVO-2g glass standard. Analytical uncertainty was estimated using multiple measurements (5) of BCR-2g analyzed as an unknown sample during the analyses, and it is better than 3% for all measured trace elements. The reported analytical uncertainties for LA-ICP-MS measurements are slightly better than those for solution ICP-MS measurements reported in Section 2.2. The seven HSDP glass chips, as well as the BCR-2g, were analyzed in one LA-ICP-MS analytical session, and their estimated analytical uncertainty reflects the short-term reproducibility within an analytical session, typically less than 6 h. In contrast, the solution ICP-MS measurements for HSDP whole-rock samples include multiple analytical sessions conducted in several days, and the estimated analytical uncertainty for solution ICP-MS measurements reflects the long-term reproducibility.
Electron Microprobe Analyses of Olivine
[12] Major (Si, Mg, Fe) and minor (Mn, Ni) element abundances in olivine phenocrysts were measured simultaneously on the 5-channel Jeol 8200 microprobe at Massachusetts Institute of Technology (Table 5 ). Each olivine grain was analyzed near the geometric center using a 10 micron wide, 300 nA electron beam, 15 kV accelerating voltage, and 180 s counting time. All element abundances are reported relative to the San Carlos olivine standard using the values reported by Sobolev et al. [2007] ; CITZAF corrections were applied after Armstrong [1995] . Major element abundances were reproducible to better than 0.05%, and minor elements to better than 3-5% (2 s.d.).
Results
Basalt Classification
[13] A significant result of the Phase-1 HSDP project was the recognition that magmas with distinctly different SiO 2 contents, described as "low" and "high" SiO 2 were erupted throughout much of the shield-building stage of Mauna Kea volcano [Stolper et al., 2004; Rhodes and Vollinger, 2004] . This bimodality has not been observed at other Hawaiian volcanoes. The prevailing opinion has been that individual Hawaiian volcanoes erupt lavas with compositions characteristic of that volcano for a very large part of their eruptive history [e.g., Garcia et al., 1989; Frey and Rhodes, 1993] . At Mauna Kea the difference in SiO 2 content is most obvious in the glass data, which are clearly bi-modal [Stolper et al., 2004] . The whole-rock data are slightly more ambiguous because of the possible SiO 2 loss during alteration, and because of the added complexities of mixing and olivine accumulation. Nonetheless, as shown in Figure 2 , there is a discriminant line between "high" and "low" SiO 2 lavas at a given MgO content. This point is emphasized further in a plot of SiO 2 normalized to 13% MgO versus depth (Figure 3a ). Frey [2003] , mainly with regard to the Type-2 lavas (see Table 6 ). [ 16] In an SiO 2 (13) versus Zr/Nb plot (Figure 4 ), the two Low SiO 2 intrusives (units 3 and 32) have low Zr/Nb, overlapping with Low SiO 2 (Type-3) lavas higher in the section. In contrast, the Phase-2 lavas with high SiO 2 exhibit a wide range in Zr/Nb which correlates positively with normalized SiO 2 . The range in Zr/Nb exceeds that for younger High SiO 2 lavas higher in the core. The sample from unit 43 has high Zr/Nb (>15) comparable to that of Mauna Loa lavas. The other Phase-2 samples range in Zr/Nb from 9.7-13, with the higher ratios overlapping with the overlying Type-1 (High SiO 2 ) and the lower ratios overlapping with Type-4 lavas (High SiO 2 and Zr/Nb < 10 in Figure 4 ).
[17] Another compositional type of Phase-1 lavas was recognized by Stolper et al. [2004] , who identified a group of glasses from 1767 to 1808 mbsl that are characterized by high CaO and K 2 O [Rhodes and Vollinger, 2004; Huang and Frey, 2003] . The legend reconciles the classification of Rhodes and Vollinger [2004] with that of Huang and Frey [2003] (see Table 6 ). (Table 5) . However, no wholerock samples from this interval were included in the original Phase-1 reference suite samples. Our new Figure 5 ) and are low in SiO 2 at a given MgO (Figure 2 ). They form a distinct compositional group of lavas with low, but variable, SiO 2 (13) and with Zr/Nb of 8.5 to 9.6. Low Zr/Nb values, such as these, are significantly lower than other Mauna Kea tholeiitic basalts, including postshield tholeiites (Figure 4 ), but are comparable with post-shield alkalic basalts and highly evolved tholeiites in the uppermost 56 m of the HSDP-1 core [e.g., Yang et al., 1996] . In addition to Zr/Nb, these samples, including glasses previously analyzed for major elements by Stolper et al. [2004] are high in incompatible elements such as La, K, Ba, Ce, and Sr. We classify them as a new "High CaO type."
MgO-FeO Relationships
[18] Picritic lavas (MgO > 12%) are common among Hawaiian submarine lavas [e.g., Garcia et al., 1989; Clague et al., 1995; Garcia et al., 1995; Norman and Garcia, 1999] and are exceedingly common in the HSDP lavas [Rhodes and Vollinger, 2004; Garcia et al., 2007] . Basaltic lavas with around 7-8% MgO, although common, along with picrites, in the subaerial section, are less common in the submarine section. The range in whole-rock MgO for Phase-2 lavas is 6-25%, comparable with the 6-27% found in overlying Phase-1 lavas (Figure 3b) . In contrast glass compositions in these lavas range from 6% to 9% [Stolper et al., 2004] . The olivine phenocryst content of Phase-1 lavas varies from as little as 1% to up to 45% .
There is a strong correlation of MgO with modal olivine phenocryst abundance [Garcia et al., 2007, Figure 17 ], a clear indication that the bulk composition of picritic whole-rock compositions are controlled mainly by olivine addition into magmas with lower MgO contents.
[19] However, between 3100 and 3350 mbsl there is a remarkable absence of picrites; in this interval most lavas have between 6-8% MgO (Figure 3b ). They are also nearly homogeneous in isotopic ratios of Nd, Hf and Pb [see Blichert-Toft and Albarède, 2009, Figure 2 ]. We suggest that these geochemically similar lavas represent a 250 m interval formed at a relatively high eruption rate from a thoroughly mixed, steady state magma reservoir [e.g., Rhodes, Figure 5 . Variation of MgO and CaO content in HSDP lavas. The Phase-2 lavas overlap with younger Phase-1 shield tholeiites, but the Phase-1 High CaO lavas (this paper) and glasses [Stolper et al., 2004] are characteristically higher in CaO than other Mauna Kea lavas at a given MgO content. Symbols are as in Figure 4 ; in addition, High CaO glasses are shown as filled blue circles. The black dashed line is the boundary proposed by Herzberg [2006] to distinguish between partial melts of peridotite and pyroxenite. The arrow passing through most of the High CaO data shows the trend for accumulation of olivine Fo 86 and the arrows parallel to the data for types 1, 2, 3 and 4 show the trend for accumulation of olivine Fo 88-89 . [21] The High CaO lavas differ from other compositional types of Mauna Kea lavas in that they define a slightly positive slope in FeO versus MgO ( Figure 6 ). This slope is indicative of crystallization and accumulation of olivine ($Fo 86 ), the average olivine composition in these lavas (Table 5 ). This relatively low Fo olivine is unusual for shieldbuilding Mauna Kea tholeiites [Baker et al., 1996; Garcia, 1996; Putirka et al., 2011] , requiring a more evolved magma with higher FeO/MgO of around 0.91 and MgO contents of about 11%. In this respect the olivines in the High CaO lavas are similar to olivines in the post-shield lavas with typical forsterite contents of around Fo [84] [85] [86] and maximum values of Fo 89 [Baker et al., 1996; Garcia, 1996; Putirka et al., 2011] .
MgO-Ni Relationships
[22] The Phase-2 lavas plot on positive trends of Ni versus MgO that overlap with data from lavas higher in the core (Figure 7 ). These trends are linear, not curved olivine fractionation trends, providing further evidence that the picritic whole-rock compositions are controlled mainly by olivine addition into magmas with lower MgO contents. The Ni contents of the Low and High SiO 2 lavas are similar at a given MgO content. From this we infer similar Ni contents in olivines from both High and Low SiO 2 lavas, an inference that is consistent with the olivine data of Putirka et al. [2011] . Ni abundances in the High CaO lavas are also comparable to other shield lavas of similar MgO content, and the Ni content of their olivines (2400-3100 ppm; Table 5 ) is comparable to other Fo 85-86 olivines in the core [Putirka et al., 2011] . Four (R686-3.9-4.1, R696-1.0-1.6, R696-6.5-6.7 and R698-9.1-9.3) of the 24 High CaO whole-rocks have lower Ni at a given MgO. Because they have unusually high LOI values ($5 to 11%; Table 2a ), we suspect that their anomalously low Ni contents reflect alteration and/or dilution as a result of their high volatile contents.
[23] Putirka et al. [2011] propose that both High and Low SiO 2 Mauna Kea lavas with around 18% MgO are close to parental magma compositions. Melts with these whole-rock compositions would crystallize olivine corresponding to the most forsteritic olivines (Fo 90.5 ) found in these lavas [Putirka et al., 2011, Figure 2] . The Ni content of these proposed parental magmas is around 830 ppm. This estimate is significantly higher than the $600 ppm Ni proposed by Sobolev et al. [2005] and Herzberg [2011] for partial melts from fertile peridotite with around 18% MgO. [Stolper et al. 2004] , most of the clasts and hyaloclastites from these units have elevated CaO at a given MgO content ( Figure 5 ) and higher CaO/Al 2 O 3 (>0.9) than other Mauna Kea shield lavas. The High CaO lavas plot above the line proposed by Herzberg [2006] that discriminates magmas derived from peridotites from those produced by melting pyroxenite ( Figure 5 ). According to Herzberg [2006 Herzberg [ , 2011 , these rather unusual lavas are the only Mauna Kea shield lavas with a peridotite source; the rest were derived from pyroxenite.
MgO-CaO Relationships
Incompatible Trace Elements
[25] As expected of olivine fractionation and accumulation, abundances of incompatible trace elements are negatively correlated with MgO contents in HSDP lavas (Figures 8a-8c (Figure 11 ). We infer that, in addition to high CaO content, the parental magmas of this group had high K 2 O/P 2 O 5 and K 2 O/TiO 2 . In contrast to the hyaloclastites, the clasts from the 1782-1793 mbsl interval range from high K 2 O/ P 2 O 5 and K 2 O/TiO 2 to lower ratios that overlap with overlying and underlying shield lavas (Figure 11 ). The considerable scatter in the clasts, 0.11 to 0.26 
Discussion
Do Ni Contents in Mauna Kea Lavas
Require a Pyroxenite Source?
[27] There was a broad consensus that basaltic magmas result from de-compression melting of a peridotite mantle [e.g., Yoder and Tilley, 1962; Green and Ringwood, 1967] . Recently, this consensus has been challenged and there is a vigorous debate on the relative roles of peridotite and eclogite/ pyroxenite as mantle sources of Hawaiian magmas. For example, Hauri [1996] proposed that dacitic magmas, produced from melting lithologically discrete domains of eclogite within the plume, mix with picritic melts of peridotite to produce the range in SiO 2 content and isotopic ratios of Hawaiian magmas. Others have adopted variants on this model [e.g., Takahashi and Nakajima, 2002; Huang and Frey, 2005] , particularly in order to explain the high SiO 2 content of Makapuu-stage Koolau lavas. Sobolev and colleagues [Sobolev et al., 2005 [Sobolev et al., , 2007 have introduced a more complex model in which silicic melts from discrete eclogite domains react with surrounding peridotite to produce secondary pyroxenite. Subsequent melting of differing proportions of these peridotite -pyroxenite hybrids is thought to be responsible for differences in the compositions of Hawaiian magmas, and also for their correlated isotopic and compositional characteristics. Herzberg [2006] further argued that most Hawaiian magmas, with the exception of the High CaO Mauna Kea lavas and possibly some Loihi lavas, are derived solely through melting of pyroxenite. [2004]) with other compositional types of Mauna Kea shield lavas (indicated by gray circles). The glasses and hyaloclastites have ratios that are higher than the shield lavas, whereas the High CaO clasts range from ratios that overlap with the hyaloclastites and glasses to lower values overlapping with the shield lavas. We interpret the scatter to lower ratios in the shield lavas and some clasts as a consequence of K 2 O loss during post-eruption alteration.
[28] The driving force behind the secondary pyroxenite model is the observation that the Ni contents of olivines in Hawaiian magmas, and therefore their parental melts, are higher than would be expected from melting of peridotite. This discrepancy is most pronounced in lavas with a relatively high SiO 2 content. Our whole-rock data, showing similar Ni content at a given MgO in the Low and High SiO 2 lavas (Figure 7) , are inconsistent with this model, which predicts higher Ni contents in the higher SiO 2 lavas (Type-1) relative to the Low SiO 2 lavas (Type-2). Similarly, Putirka et al. Figure 12a but the Ni content of the source peridotite has been increased to 2200 ppm. (c) Ni versus MgO in 413 peridotites taken from the GeoRoc website (georoc.mpch-mainz.gwdg.de/) and listed in Table S2 . There is a wide range in Ni at a given MgO content. A 50% confidence contour shows that the Ni content in peridotites is highly variable and that the assumption of a 2200 ppm source is not unreasonable. and 12b).
1 Our calculations follow Sobolev et al. [2005, Table S1 ] and are based on the peridotite partial melting (3-5 GPa) experiments of Walter [1998] . We used the same D Ni mineral/melt for garnet and pyroxenes as used by Sobolev et al. [2005] , but for D Ni olivine/melt we used both the Beattie et al.
[1991] equation, which was used by Sobolev et al. [2005] , and also equations 2b and 2c from Putirka et al. [2011] . The model results are presented in Figure 12a . If the peridotite has 1900 ppm Ni, as proposed by Sobolev et al. [2005] and Herzberg [2011] , then partial melts calculated using the Beattie et al. [1991] model should have significantly lower Ni content at a given MgO content than Mauna Kea whole-rocks. This is the original argument of Sobolev et al. [2005] . Partial melts calculated using equation 2b of Putirka et al. [2011] plot well within the Mauna Kea MgO-Ni whole-rock trend, and melts calculated using equation 2c of Putirka et al. [2011] plot slightly below the Mauna Kea whole-rock trend in Figure 12a . Therefore, if equation 2b of Putirka et al. [2011] describes the Ni partitioning between olivine and melt during mantle melting more satisfactorily than that of Beattie et al. [1991] , then the original argument of Sobolev et al. [2005] does not hold.
Ni Content in Peridotite
[30] How constant are the Ni contents of mantle peridotites? Is the value of 1900 ppm Ni in fertile peridotite, used by both Sobolev et al. [2005] and Herzberg [2011] , appropriate, or are other values plausible? These questions were addressed by Putirka et al. [2011, Appendix A3] and are evaluated in section A in Text S1. The data show a large range in Ni abundances in spinel and garnet peridotites. The mean is 2320 ppm, the median is 2198 ppm, and 50% of the samples are between 2029 and 2400 ppm. Figure 12c , taken from published data on mantle peridotites downloaded from the GeoRoc website (georoc.mpch-mainz.gwdg.de/), shows that at a given MgO content there is considerable Ni variation in peridotite. A 50% confidence contour shows that, in general, MgO and Ni contents are positively correlated, implying that the Ni content in peridotite is mainly controlled by the olivine abundance.
[31] The previous calculations (Figure 12a ) followed Sobolev et al. [2005] and Herzberg [2011] in using "fertile" peridotite with 1900 ppm Ni.
However, there is considerable Ni variation at a given MgO content for peridotites (Figure 12c ). If we use a Ni content of 2200 ppm for peridotite (which corresponds with the "depleted" peridotite of Herzberg [2011] but is well within the 50% confidence contour for peridotite compositions), partial melts calculated using the D Ni olivine/melt model from Beattie et al. [1991] overlap with the Mauna Kea whole-rock trend in MgO-Ni (Figure 12b ).
[32] Earlier, we showed that the Ni content of Mauna Kea lavas do not follow the predictions of the Sobolev et al. [2005] secondary pyroxenite model. There is no relationship between the Ni content of the lavas, or their olivines, and the SiO 2 content of HSDP lavas. We conclude, therefore, that because of the large range in the Ni content of possible source peridotites and the current uncertainties in estimating the partitioning of Ni between olivine and melt, there is no compelling reason to accept the model of Sobolev et al. [2005] and reject peridotite as the source of Mauna Kea magmas.
Zr/Nb and Pb Isotopic Ratios:
Indicators of Geochemical Heterogeneity in the Source of Mauna Kea Shield Lavas of $1.6 separates Lo8 from Mid8 lavas. Lavas with R C > 2 only occur below 1974 mbsl (Figure 13c ), and they correspond to the Low-SiO 2 group of Huang and Frey [2003] and the Type-3 lavas of Rhodes and Vollinger [2004] .
[35] Abouchami et al. [2005] , developing an idea originated by Tatsumoto [1978] , proposed a dividing line that separates lavas erupted at Loaand Kea-trend Hawaiian volcanoes, with Loa-trend lavas having higher 208 Pb/ 204 Pb at a given 206 Pb/ 204 Pb ( Figure 13a ). All Hi8 lavas plot on the Loa side of the dividing line, defining a mixing trend between the common high 206 Pb/ 204 Pb Kea end-member with a lower 206 Pb/ 204 Pb Loa endmember (Figure 13a ). Consistent with a mixing interpretation, Huang and Frey [2003] found that the Hi8 lavas form a near horizontal Nb/Zr versus La/Yb trend that cannot be explained by partial melting of peridotite ( Figure 14) . Phase-2 units 3 and 32, the Low SiO 2 intrusives (Figures 1a and 2) , are within the Hi8 trend at the least radiogenic end of this array (Figure 13a ). This high 208 Pb/ 204 Pb Loa end-member has isotopic and geochemical similarities with Loihi lavas [e.g., Blichert-Toft et al., 2003; Huang and Frey, 2003; Kurz et al., 2004; Rhodes and Vollinger, 2004] .
[36] The High SiO 2 lavas that occur throughout the shield-stage of the core belong to both the Mid8 and Lo8 arrays, although the distinction is somewhat arbitrary. The Low SiO 2 lavas erupted above 1974 mbsl (Type-2 lavas of Rhodes and Vollinger [2004] ) also occur on both the Mid8 and Lo8 arrays (Figures 13a and 13b) . Most of the Phase-2 lavas plot in the Mid8 field in a tight cluster toward the radiogenic end of the trend, which is defined by Phase-2 units 26, 29 and 30 (Figure 13a ). In contrast, Phase-2 units 43 and 44 have the lowest 206 Pb/ 204 Pb and 208 Pb/
204
Pb found in Mauna Kea lavas and plot on the Lo8 array (Figures 13a and  13b) . Mauna Kea post-shield lavas fall exclusively on the Lo8 array, and like units 43 and 44 they have relatively non-radiogenic Pb isotopic ratios (Figure 13a) . Frey et al. [1991] and Kennedy et al. [1991] [37] The similarity in Pb and Nd isotopic ratios of the relatively young post-shield Mauna Kea lavas and the relatively old units 43 and 44, deep in the shield-stage of the volcano (Figures 13a and 13d) show that the depleted source component sampled during the post-shield stage of volcanism was also sampled early during shield stage volcanism. This indicates that this depleted source component is long-lived and intrinsic to the Hawaiian plume. Similarly, the component with the most radiogenic Pb is present throughout the eruptive history of the volcano, that is, Phase-2 units 26, 29 and 30 and Phase-1 unit 305 (Figures 13a and 13b) . It is also evident, from the plot of Rc versus depth (Figure 13c ), that the Hi8 (Loihi-like) component with Rc > 2.0) that characterizes the Hi8 Low SiO 2 lavas also contributes to both younger high and low SiO 2 lavas with Rc = 1.8-2.
[38] Trace element ratios involving Nb, such as Zr/Nb, have long been established as a useful proxy for isotopic ratios in Hawaiian lavas [e.g., Rhodes et al., 1989; Frey and Rhodes, 1993; Frey et al., 1994] , and in particular for Pb isotopes in Mauna Kea lavas [e.g., Huang and Frey, 2003; Rhodes and Vollinger, 2004] . There is an overall negative correlation between Zr/Nb and 206 Pb/ 204 Pb ( Figure 13e) ; that is the depleted component with high Zr/Nb has relatively non-radiogenic Pb isotope ratios. Phase-2 lavas exhibit greater diversity in Pb isotopes BlichertToft and Albarède, 2009] and Zr/Nb than all of the younger shield-stage lavas recovered during Phase-1 of HSDP. This is particularly pronounced at the very bottom of the core (>3357 m) where units 26, 29 and 30 have the lowest Zr/Nb (9.7 to 10.1) and the highest 206 (Figure 13e ). Units 43 and 44, near the bottom of the core, fall on the Lo8 trend and have the least radiogenic Pb isotopic ratios and highest Zr/Nb, supporting the conclusion that this depleted component was present throughout Mauna Kea's magmatic history, including the post-shield stage. In addition, there are members of all three Pb isotopic trends within the 3098-3506 mbsl part of the core (Figure 13c ), thereby implying a wide range of endmember components at this stage in the magmatic history of the volcano.
The Origin of the High CaO Lavas
[39] The High CaO tholeiitic shield basalts occur only over a very narrow stratigraphic range (1767 to 1808 mbsl) and have compositions unlike any other Hawaiian shield tholeiites [Stolper et al., 2004] . Herzberg [2006] , in a provocative paper, suggested that these High CaO lavas are the only Mauna Kea shield lavas produced by melting of peridotite and that the other types of Mauna Kea shield lavas were derived from melting of pyroxenite.
[40] The High CaO lavas have many similarities to Mauna Kea post-shield lavas. For example, the dominant olivine composition in the High CaO shield lavas is Fo 85-86 , similar to that of post-shield tholeiitic Mauna Kea lavas known as the Hamakua Volcanics (Table 5) [Baker et al., 1996; Garcia, 1996; Putirka et al., 2011] . Moreover, oxide versus MgO whole-rock trends for the High CaO shield lavas reflect the accumulation of Fo 85-86 , rather than Fo 88-89 as is common for other shield-building Mauna Kea tholeiites (e.g., Figures 5 and 6 ). There are phenocrysts of Fo 89 in the High CaO shield lavas (Table 5 ), but these are rare, as they are in post-shield tholeiites. Also, the overlying subaerial post-shield tholeiitic basalts [Frey et al., 1990 [41] In addition, the High CaO shield lavas are characterized by unusually high incompatible element abundances at a given MgO content (Figures 8  and 10 ) and relatively high ratios of Nb/Zr and La/Yb (Figure 14) . These abundances and ratios overlap with those of Mauna Kea's post-shield lavas, and in some samples extend beyond the range of post-shield alkalic lavas (Figures 4 and 14) . However, the post-shield lavas do not have the distinctive high K 2 O/TiO 2 and K 2 O/P 2 O 5 of the High CaO group [Stolper et al., 2004, Figures 18a and 18b] .
[42] Currently, there are no isotopic data for the High CaO lavas, but their Zr/Nb, from 8.5 to 9.6, is lower than all other Mauna Kea tholeiites, including post-shield tholeiites. Therefore, based on the inverse trend of Zr/Nb versus 206 Pb/ 204 Pb (Figure 13e ), we predict that their isotopic characteristics will extend the range of Mauna Kea magmas to more radiogenic Pb isotopic ratios, thereby shedding further light on the source characteristics of Mauna Kea lavas.
[43] If we assume similar source compositions for all Mauna Kea shield lavas, several compositional features of the High CaO shield lavas are consistent with their formation by relatively low extents of melting (F), specifically: (1) their relative enrichment in highly incompatible elements, such as Th, K, Nb and La (Figures 8a, 10 , 11, and 14); (2) the compatible behavior of Y and relatively low content of heavy rare earth elements in the High CaO lavas (Figures 9 and 10c ) which are compatible in garnet and hence their low abundances of these elements suggest that the extent of melting was not sufficient to eliminate garnet from the residue; (3) their high K 2 O/TiO 2 and K 2 O/P 2 O 5 (Figure 11 ) is also an expected consequence of low F, <5%, because at low F the low (<1) ratios of mineral/melt compound partition coefficients D K /D Ti and D K /D P for residual garnet and clinopyroxene will create melts with higher K 2 O/TiO 2 and K 2 O/P 2 O 5 than the source ratios (section B in Text S1); (4) if D CaO for cpx/ melt is <1, the CaO content of partial melts of garnet peridotite increase with decreasing F (see case 1 in Figure 6 of Huang et al. [2011] ), and therefore relatively high CaO content may also reflect relatively low F.
[ [Huang et al., 2010] .
[47] The high V abundances in High CaO lavas (Figure 8d ) are also inconsistent with the source of High CaO lavas being Ca-rich. Huang et al. [2011] showed that the net effect of adding carbonate into a peridotite is to increase the clinopyroxene proportion at the expense of orthopyroxene [see Huang et al., 2011, section 5.2 and Table 4 ]. If the high CaO content in High CaO lavas reflects carbonate in their mantle source (e.g., Case I in Figure 6 and Table 4 of Huang et al. [2011] ), then a clinopyroxene-rich source is inferred for High CaO lavas. Since V is compatible in clinopyroxene [e.g., Hart and Dunn, 1993] , the High CaO lavas in equilibrium with abundant clinopyroxene should have relatively low V abundances, which is inconsistent with the higher V abundances in High CaO lavas (Figure 8d ). [48] If the High CaO lavas were derived by lower degrees of melting than the other compositional types of Mauna Kea shield-building tholeiitic basalts, an important implication is that the magma supply to Mauna Kea diminished during the interval, 1765 to 1810 mbsl, of High CaO basalt production. Stolper et al. [2004] came to a similar conclusion regarding glasses sampled between 2233 and 2280 mbsl. Although these glasses do not have high CaO, they have relatively high K 2 O and Na 2 O contents: that is, they are transitional tholeiites formed by relatively low extents of melting. We agree with Stolper et al. [2004] that the magma supply to Mauna Kea waxed and waned during the shield-building stage. This is contrary to the common generalization for shield building, where magma supply is represented by a bell-shaped curve of initially increasing, and eventually decreasing magma supply as the volcano migrates toward and away from the plume center [e.g., Frey et al., 1990; Lipman, 1995; DePaolo and Stolper, 1996] .
Does the HSDP-2 Core Include Lavas From Multiple Shields?
[49] The HSDP-2 core sampled an abrupt transition from shield-stage Mauna Loa lavas to older postshield Mauna Kea lavas at a depth of 245 mbsl [Rhodes and Vollinger, 2004] . Were there other inter-shield transitions recorded in the $695 ka record of the core? Using Pb isotopic data Eisele et al. [2003] , and more recently Blichert-Toft and Albarède [2009] show that there is a tendency for Lo8 lavas to occur high in the core, with Mid 8 lavas below, and inter-layered Hi8 and Mid8 lavas at greater depth (Figure 13c ). Blichert-Toft and Albarède [2009] suggest that over $366 ka, Mauna Kea has migrated over three volcanic centers, first Kilauea (Mid8), followed by Loihi-like (Hi8) and finally Mauna Kea (Lo8) as the Pacific Plate moved over the Hawaiian hot spot. This sequence is an oversimplification. Lo8 lavas also occur near the bottom of the core (3472-3501 mbsl) and Mid 8 lavas are found as high as 679 m (Figure 13c) . Clearly, all of the geochemical components that contributed to Mauna Kea's magmas were available throughout much of the shieldbuilding history recorded in the core.
[50] The submarine pillows and hyaloclastites of the Hi8 group are Low SiO 2 lavas (Type-3), with major, trace and isotopic characteristics similar to those of Loihi magmas [Rhodes, 2000; Huang and Frey, 2003; Stolper et al., 2004, Rhodes and Vollinger, 2004] . They are inter-layered with "normal" High SiO 2 (Type-1) Mauna Kea lavas at depths between 1974 and 2481 m. Their estimated ages, based on depth, are around 517-523 ka, a relatively short period of time. Stratigraphically below them, including units 3 and 32 from Phase-2 of HSDP, are intrusive units with similar compositions. They are probably feeders to the overlying extrusive units. These enigmatic lavas present a problem . They either reflect the presence of relatively short-lived "Loa" source components on the "Kea" side of the plume, or they are lavas from an adjacent volcano with Loalike isotopic compositions. At that time ($520 ka) it is unlikely that either Loihi or Kilauea were even in existence Clague, 1992: DePaolo and Lipman et al., 2002] . Early, Loihilike, stages of Mauna Loa or Hualalai are the most compelling candidates. Mauna Loa, however, can be ruled out. Recent Ar/Ar dating of submarine Mauna Loa lavas [Jicha et al., 2009] show that around 500-700 ka Mauna Loa was erupting HighSiO 2 lavas, similar to those of modern-day Mauna Loa. Hualalai would have been in a more advanced stage of its evolution than Mauna Loa, making it an even more unlikely candidate.
[51] Holcomb et al. [2000] predicted that Kohala lavas would be sampled at depth by the HSDP core because, they argued, the southeast rift zone of Kohala (the Hilo Ridge) extends beneath Mauna Kea. Lipman and Calvert [2011] endorse this notion, based on an age of $1140 ka for transitional tholeiitic lavas dredged from the toe of the Hilo ridge, which, because of their old age, they infer originates from Kohala volcano rather than Mauna Kea. Could these enigmatic Low SiO 2 lavas come from Kohala? At this time ($520 ka) Kohala should have been in a vigorous stage of tholeiitic shield-growth [Moore and Clague, 1992; Lipman and Calvert, 2011] and Phase-2 drilling should have encountered more of these Low SiO 2 putative Kohala lavas as it penetrated further into the Kohala shield. It did not. The majority of the Phase-2 lavas are High SiO 2 lavas, similar to younger Mauna Kea units, and only two intrusive units (3, 32) are Low SiO 2 lavas. Finally, the presence of "Loa" type lavas at Kohala Volcano, which lies along the "Kea" trend, does not solve the problem: it merely shifts the presence of a Loa component to another "Kea" trend volcano.
[52] Recently, Blichert-Toft and Albarède [2009] suggested that these Low SiO 2 lavas come from a "lost" volcano with strong Loihi affinities. The problem with this alternative interpretation is that the low-SiO 2 lavas form a distinct trend (the Hi8 trend of Eisele et al. [2003] (Figures 13a and  13b ). This is unlikely to be a coincidence. Therefore, we conclude that the Low-SiO 2 lavas were erupted from Mauna Kea, reflecting the presence of a relatively small-scale, and short-lived, "Loa" heterogeneity within the melting regime of Mauna Kea around 517 to 523 ka. This conclusion is not unprecedented. Ren et al. [2005] have shown that melt inclusions in olivine in submarine Haleakala and Koolau lavas have major and trace element characteristics of both "Kea" and "Loa" trend volcanoes. On a larger scale, Marske et al. [2007] show that for a brief period between 250-1400 AD the Pb, Sr and Nd isotopic ratios of both Kilauea and Mauna Loa volcanoes shifted from "typical" values, on either side of the Loa-Kea boundary (Figure 13a ) toward ratios that were intermediate between the two volcanoes. Subsequently, lavas from both volcanoes returned to more "typical" values. They interpret this transient magmatic event as evidence for the passage of a small-scale compositional heterogeneity through the melting regimes of both volcanoes. Finally, we predict that, given the distinctive compositional characteristics of the High CaO lavas, such as their low Zr/Nb (Figures 4 and  14) , they are likely to have higher 206 Pb/ 204 Pb and 208 Pb/ 204 Pb than all the other Mauna Kea shield lavas (Figures 13a and 13d) . Are we to infer from this that they too represent lavas from yet another unknown volcano? We think not, and conclude that these isotopic anomalies reflect small-scale source heterogeneities passing through the melting zone of Mauna Kea volcano. Supporting this conclusion we observe that, although Mauna Kea and adjacent Mauna Loa were both in their vigorous shield building stages for much of the last 600 ka [Jicha et al., 2009] , there are no Mauna Loa lavas inter-layered with Mauna Kea lavas throughout the entire HSDP core.
Conclusions
[53] (1) SiO 2 and Ni abundance in Hawaiian shield lavas have been used to distinguish between pyroxenite and peridotite sources [e.g., Sobolev et al., 2005] . In the HSDP-2 core there are High and Low SiO 2 groups and they have similar Ni contents at a given MgO content. Hence, whole-rock Ni contents in Mauna Kea shield lavas do not reflect differences in source mineralogy for the High and Low SiO 2 groups. We conclude that, given the uncertainties in partitioning between olivine and melt, and in the Ni content of peridotites, it is premature to reject peridotite as the mantle source of these magmas.
[54] (2) There is more geochemical diversity, e.g., in Zr/Nb and Pb isotopic ratios, among Mauna Kea Shield lavas in the lower 408 m of the HSDP core than in the overlying 2745 m. of Mauna Kea shield lavas. Clearly, the range of mantle source components that formed the Mauna Kea shield was sampled early, and throughout the growth of the Mauna Kea shield. For example, a depleted component intrinsic to the plume contributed to basalt eruption early in the construction of the shield (units 43 and 44 in the Phase-2 core) and during post-shield volcanism.
[55] (3) A geochemically unique group of High CaO-K 2 O lavas first identified by glass composition occur over a narrow depth interval, 1767 to 1808 mbsl in the HSDP core [Stolper et al., 2004] . No whole-rocks from this group have been previously studied, therefore we sampled the core and analyzed hyaloclastites and clasts associated with these compositionally distinct glasses. Relative to other Mauna Kea shield lavas these whole-rocks are also enriched in CaO, K 2 O and highly incompatible elements at a given MgO. These shield-stage lavas have affinities with post-shield lavas, for example both groups formed by lower extents of melting than other compositional groups of Mauna Kea shield lavas. Contrary to a previous hypothesis [Herzberg, 2006] , we find no evidence that these High CaO lavas were derived from a mantle source that was lithologically distinct, that is, peridotite rather than pyroxenite, from the source of other Mauna Kea lavas. The important implication is that melt production waxed and waned during shield growth and large, short-term fluctuations in extent of partial melting are superimposed on the longterm initial increase followed by eventual decrease in melt flux that characterizes growth of a Hawaiian shield as it passes over the Hawaiian plume.
[56] (4) In order to explain the compositional diversity of lavas sampled by the HSDP, it has been suggested that the core contains basalts derived from several volcanoes [e.g., Blichert-Toft and . We argue that this is unlikely and we infer that rather than geochemically distinct lavas from several volcanoes, a range of geochemically distinct mantle end-members contributed to basalts forming the Mauna Kea shield.
